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Abstract
This paper presents a systematic experimental study of the relative contributions
of the martensite volume fraction, morphology and carbon content to the overall
strength and ductility of dual-phase steels. To this end, model dual-phase
steels combining three volume fractions of martensite, three martensitic carbon
contents, and three arrangements of the phases were generated by suitable
control of the heat treatments. The microstructures include long and short
elongated, as well as equiaxed martensitic islands. The yield and tensile strengths
increase with both the amount of martensite and its carbon content. The ductility
in general increases with the volume fraction of martensite at constant martensitic
carbon content, and conversely increases with the martensitic carbon content
for a fixed volume fraction of martensite. Departure from the general trend is
observed for combinations of a large volume fraction of martensite with a large
martensitic carbon content, and is attributed ...
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Abstract
This paper presents a systematic experimental study of the relative contributions of the martensite volume fraction, morphology and
carbon content to the overall strength and ductility of dual-phase steels. To this end, model dual-phase steels combining three volume
fractions of martensite, three martensitic carbon contents, and three arrangements of the phases were generated by suitable control of the
heat treatments. The microstructures include long and short elongated, as well as equiaxed martensitic islands. The yield and tensile
strengths increase with both the amount of martensite and its carbon content. The ductility in general increases with the volume fraction
of martensite at constant martensitic carbon content, and conversely increases with the martensitic carbon content for a ﬁxed volume
fraction of martensite. Departure from the general trend is observed for combinations of a large volume fraction of martensite with
a large martensitic carbon content, and is attributed to damage-induced softening or fracture. Specimens with long elongated martensite
demonstrate an improved ductility compared to other microstructures. The plastic ﬂow properties were further investigated by relying on
a non-linear homogenization model which explicitly accounts for the microscopic parameters. The micromechanical model captures rea-
sonably well the tensile behaviour for the complete range of martensite carbon contents and volume fractions.
 2014 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction
Dual-phase (DP) steels are increasingly used in automo-
tive applications because of their unique combination of
high strength and good formability. Their attractive
mechanical properties stem from the composite nature of
the microstructure, consisting of a ductile ferrite (a) rein-
forced by hard martensite (a0) particles [1]. Another advan-
tage of DP steels is the absence of Lu¨ders bands during
plastic ﬂow, leading to a smooth sheet surface without
the need for additional skin-passes. DP steels are also rela-
tively cheap, owing to the limited amounts of expensive
alloying elements they contain and the ability to use tradi-
tional processing routes.
The complexity of the microstructure of DP steels and
the number of parameters aﬀecting the end-use properties
make the design of these alloys challenging with respect
to the requirements of speciﬁc structural applications. In
particular, the volume fraction of martensite, morphology
and carbon content all signiﬁcantly aﬀect the mechanical
properties [2–6]. Recent research eﬀorts have focused on
combining experimental characterization techniques with
advanced micromechanical models to unravel the complex
structure–property relationship. For instance, the constitutive
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response of these phases has been investigated by in situ
high-energy X-ray diﬀraction [7,8] and in situ neutron
diﬀraction [9,10] in combination with polycrystal models.
Nanoindentation has been used to probe the local harden-
ing of the phases as a function of the distance from
the grain boundaries [11–13]. Recently, the stress–strain
response of ferrite and martensite was measured from
compression tests on nanopillars excised from DP steels
[14,13]. On the other hand, various micromechanical
models have been used to understand and predict the
partitioning of strain and stress between the phases,
including empirical mixture rules [15,16], Eshelby-based
homogenization theories [17–21] and ﬁnite-element simula-
tions on representative microstructures [22–28].
Despite intense research eﬀorts, the relative inﬂuence of
each one of the various parameters has not yet been quan-
titatively partitioned. Many of the previously mentioned
studies and numerous others in the literature focused on
one industrial grade of steel, which does not allow the eﬀect
of the individual parameters to be distinguished. Indeed,
the volume fraction of martensite and its carbon content
are intrinsically connected through the intercritical reheat-
ing temperature (and time) that ﬁxes the ferrite–austenite
thermodynamic equilibrium. The main novel objective of
the present contribution is to decouple the eﬀects of the
martensite volume fraction, carbon content and morphol-
ogy on the ﬂow properties by considering model DP steels.
We have designed and optimized processing routes to
produce model DP steels presenting three volume fractions
of a0 (15, 30 or 60% a0) with an elongated morphology.
These volume fractions are chosen to be close to the indus-
trial microstructures containing from 10 to 80% martensite.
Each volume fraction is generated with three levels of car-
bon content within the martensite (0.15, 0.3 and 0.6 wt.%
C). Two additional materials with 60% of martensite and
0.15 wt.% C carbon with equiaxed and short elongated
martensite particles were produced to study the eﬀect of
the morphology separately. Uniaxial tensile tests were per-
formed for all the considered materials. Our experimental
results demonstrate the signiﬁcant impact of all the micro-
structure parameters considered.
The inﬂuence of the volume fraction and carbon content
on the mechanical response was further investigated by
means of a non-linear mean-ﬁeld model. Partitioning of
the stress and strain among each phase is computed based
on a combination of the direct and inverse Mori–Tanaka
models. The inﬂuence of carbon content is accounted for
at the level of the martensite constitutive response. The lat-
ter was ﬁtted on experimental measurements on bulk mar-
tensitic samples. The model suggests that development of
plastic ﬂow in the martensite with the associated limit on
the level of stress that this phase can carry is a key element
in understanding the experimental trends.
The paper is organized as follows. The experimental
procedure and ﬂow curves are presented in Section 2.
The micromechanical model and the comparison between
numerical results and experimental data are presented in
Section 3. The results are discussed in Section 4, before
concluding.
2. Experiments
2.1. Processing of model dual-phase steels
Five steel grades diﬀering by their global carbon content
were cast in order to cover a wide range of martensite vol-
ume fractions and carbon contents (see Table 1 for the
complete compositions). These grades were provided by
ArcelorMittal as roughed, hot-rolled plates. These plates
presented microstructures composed of ferrite and pearlite.
Some banding oriented in the rolling direction was present
in the grades with the two lowest carbon contents (grades 1
and 2 in Table 1). No extra cold deformation was applied
to allow for the machining of the plates into cylindrical uni-
axial test specimens [29].
Nine model microstructures of DP steels combining
three levels of a0 volume fraction V a0 (15, 30 or 60%) with
three levels of martensite carbon content Ca0 (0.15, 0.3 or
0.6 wt.%) were processed from the hot-rolled plates follow-
ing carefully designed two-step heat treatments (Fig. 1(a)).
First, the specimens were held for 15 min at 1100 C before
water quenching to obtain 100% martensitic samples with a
prior austenite grain size around 200 lm. In the second
step, so-called Thomas ﬁbre microstructures were gener-
ated from the martensite reversion during intercritical
annealing [3]. The temperature and time of the second
holding stage ﬁxed the volume fraction of a0 and its carbon
content. Representative micrographs of the resulting
microstructures are given in Figs. 2 (a)– (c). Heat treatment
conditions and volume fractions of martensite are reported
in Table 2 for each targeted model microstructure. This
table shows that accurate control of both temperature
and time of holding was necessary to reach the desired lev-
els of a0 volume fractions and C content. The volume frac-
tions of a0 in the diﬀerent specimens were determined
through a point counting procedure performed on scan-
ning electron microscopy (SEM) micrographs after polish-
ing and Nital etching. Neglecting the very small solubility
of carbon in the ferrite (<0.02 wt.%), the C content in the
martensite can be related to the total C content, Ctotal, by:
Ca0 ¼ CtotalV a0 : ð1Þ
The error in the estimated C content in the a0 introduced by
this approximation most probably falls within the margin
of error on the measure of the a0 volume fraction, which
Table 1
Chemical composition (wt.%) of the ﬁve steel grades investigated.
Grade C Si Mn P S Cr Al
1 0.023 0.31 2.05 0.012 0.003 0.405 0.038
2 0.046 0.31 2.11 0.013 0.003 0.400 0.028
3 0.088 0.31 2.07 0.003 0.003 0.435 0.036
4 0.175 0.31 2.10 0.014 0.003 0.415 0.024
5 0.355 0.31 2.07 0.013 0.003 0.405 0.041
A.-P. Pierman et al. / Acta Materialia 73 (2014) 298–311 299
is the principal source of error. Throughout the paper,
mentions of carbon content refer to the carbon content
within the martensite, Ca0 , unless otherwise indicated.
Three additional model microstructures were considered
to highlight the potential inﬂuence of the morphology of
the a0. Besides the DP steel with (long) Thomas ﬁbres,
microstructures with short elongated a0 and equiaxed
grains were processed by varying the heat-treatment
parameters. These additional microstructures contain
60% a0 with a C content of 0.15 wt.%. The short ﬁbre
microstructure resulted from a decrease in the ﬁrst holding
temperature (Fig. 1(a)) from 1100 to 900 C. The second
step was carried out at 745 C for 2 h before water quench-
ing to room temperature. As a consequence, the prior
Fig. 2. SEM micrographs of the model microstructures (a in dark grey and a0 in light grey).
Table 2
Total carbon content of the initial grade and conditions for the second
step of the heat treatment to generate the model microstructures with long
elongated a0. Actual martensite volume fractions reached after the heat
treatment, as measured from SEM micrographs, are also indicated.
Ca0 [wt.%] Va0 [%] Ctotal [wt.%] T [
C] t [min] Actual V a0 [%]
0.15 15 0.023 720 20 17.2  3.2
0.15 30 0.046 760 20 31.8  1.5
0.15 60 0.088 745 120 59.9  4.3
0.3 15 0.046 735 20 21.0  1.0
0.3 30 0.088 720 600 32.7  5.6
0.3 60 0.175 730 180 58.8  4.8
0.6 15 0.088 702 1380 14.1  3.5
0.6 30 0.175 707 1380 31.1  3.7
0.6 60 0.355 720 600 59.3  2.3
Fig. 1. Schematic representation of the heat treatments carried out to generate (a) short and long elongated and (b) equiaxed microstructures.
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austenite (c) grain size was reduced to around 20 lm,
resulting in shorter martensite ﬁbres in the ﬁnal microstruc-
ture. The microstructure with equiaxed grains was
obtained by holding the sample at 900 C for 5 min and
then quenching at 650 C for 10 s before ﬁnal water
quenching to room temperature (Fig. 1(b)). The time of
the second holding was carefully controlled to avoid the
formation of pearlite. The size of the a and a0 grains is
between 20 and 50 lm. Representative micrographs of
microstructures with short elongated a0 and equiaxed
grains are shown in Fig. 2 (d) and (e).
Uniaxial tensile tests were performed at room tempera-
ture on 10 mm thick cylindrical dogbone specimens with a
gauge length of 100 mm. The tests were carried out at
1 mm min1 using a 50 kN universal mechanical testing
machine. Between three and ﬁve specimens were tested for
each model microstructure. The complete set of experimental
results is provided as Supplementary Material to this paper.
2.2. Flow behaviour of dual-phase steels
Fig. 3(a)–(c) presents representative experimental tensile
curves for the nine grades of DP steels with long elongated
microstructure. The curves are represented up to the onset
of necking corresponding to the maximum of the applied
force. Only the ﬂow curve for the specimen with 60% a0
with 0.6 wt.% C is represented up to fracture which takes
place before the onset of necking in this case. Both the a0
volume fraction and C content signiﬁcantly aﬀect the
mechanical response of the DP steels. The 0.2% yield
strength increases with the volume fraction of a0. This evo-
lution is linear at ﬁxed C content in the a0. On the other
hand, the 0.2% yield strength is almost independent of
the C content. The tensile strength, deﬁned as the true
stress at maximum load, increases with both a0, volume
fraction and C content. In contrast, the evolution of the
uniform elongation with a0 volume fraction and C content
is non-monotonous.
Fig. 3(d) presents the experimental tensile curves (up to
the onset of necking) for the specimens with 60% a0 and
0.15 wt.% C and diﬀerent a0 morphologies. Microstructures
with long and short elongated a0 exhibit lower yield and
tensile strengths than the microstructure with equiaxed a0.
The true uniform strain is larger for specimens with long
elongated a0, compared to short elongated or equiaxed ones.
Fig. 4 presents the evolution of the incremental harden-
ing exponent for varying a0 volume fraction and carbon
content up to the point of maximum applied force. The
incremental hardening exponent is deﬁned as
nincr ¼ drde
e
r
: ð2Þ
Fig. 3. (a–c) Experimental ﬂow curves up to the onset of necking for various martensite volume fractions and carbon contents (long elongated
microstructure). (d) Experimental ﬂow curves up to the onset of necking for various martensite morphologies (V a0 ¼ 60% and Ca0 ¼ 0:15 wt.%).
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The Conside`re criterion for the onset of necking can be
written: nincr ¼ e. (This condition holds under the assump-
tion, valid here, that the elastic volume change can be
neglected.) All the curves are found to satisfy the Conside`re
criterion at the point of maximum load, except for the sam-
ples with 60% a0 and 0:6 wt.% C, which break before neck-
ing. In general, nincr increases with carbon content in the
martensite for a ﬁxed volume fraction. However, the curves
corresponding to specimens with V a0 ¼ 30% and
Ca0 ¼ 0:6 wt.% on the one hand, and to samples with
V a0 ¼ 60% and Ca0 ¼ 0:3 wt.% on the other hand, show a
marked decrease in the hardening exponent value at mod-
erate strains, as indicated by an arrow in the ﬁgure. This
eﬀect can probably be attributed to damage-induced soft-
ening which brings about a decrease in the overall ductility.
Indeed, damage accumulation can have two eﬀects. Dam-
age can lead to local softening that accelerates the initiation
of plastic localization [30]. If damage accumulates fast
enough, failure by void coalescence can occur before plastic
localization, as observed for the specimens with V a0 ¼ 60%
and Ca0 ¼ 0:6 wt.%.
2.3. Flow behaviour of bulk martensite
In order to investigate the role of carbon content on
the overall ﬂow behaviour, the tensile response of bulk
martensitic samples with various carbon contents was
experimentally measured in a former investigation. Speciﬁc
grades with controlled carbon contents were therefore
processed. Four diﬀerent steels with carbon contents of
0.1, 0.2, 0.3 and 0.4 and 1.5 wt.% were ﬁrst cast, and then
hot- and cold-rolled. Samples were then reheated at 1000C
and water quenched prior to mechanical testing. Fig. 5
Fig. 4. (a–c) Experimental incremental hardening curves up to the point of maximum load for varying martensite volume fractions and carbon contents
(long elongated microstructure). Arrows indicate possible damage-induced softening.
Fig. 5. Tensile behaviour of bulk martensite with varying carbon content.
Symbols are the experimental measurements, while the solid line is
obtained by ﬁtting the experimental data with the exponential law
presented in Section 3.1.
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shows the ﬂow curve of bulk a0 samples. The ﬂow stress
and hardening capacity of the martensite increases with
increasing carbon content. Experimental data were then
ﬁtted with an exponential law to be used in the microme-
chanical model, as explained in Section 3.1.
3. Modelling
A micromechanical analysis was carried out to further
investigate the eﬀect of a0 volume fraction and carbon con-
tent on the mechanical behaviour of the DP steels. A non-
linear mean-ﬁeld model was adopted, according to which
the overall response of the DP steel is obtained based on
an average of the response of the a and a0 phases. The par-
titioning of strain among the phases is determined from
simpliﬁed interaction laws based on Eshelby’s solution.
On the other hand, the inﬂuence of the carbon content is
accounted for at the level of the constitutive response of
the a0.
3.1. Constitutive responses of the phases
The constitutive response of each phase is described by
classical, rate-independent J2 elastoplasticity theory with
isotropic hardening. The Young’s modulus of the a and
a0 phases is presumed to be identical and set as
E ¼ 210 GPa and m ¼ 0:3.
The ﬂow behaviour of the martensite was ﬁtted based on
the experimental ﬂow curves for 100% bulk a0 samples in
Fig. 5 by using the exponential law
ry;a0 ¼ ry0;a0 þ ka0 1 exp epna0
   ð3Þ
where ry;a0 is the current yield strength, ep is the accumu-
lated plastic strain, and ry0;a0 ; ka0 and na0 are material
parameters. The inﬂuence of the carbon content on strain
hardening is accounted for in the following way. The initial
yield stress, ry0;a0 is given by:
ry0;a0 ¼ 300þ 1000C1=3a0 ; ð4Þ
where Ca0 is the carbon content in the martensite expressed
in wt.%. On the other hand, the hardening modulus ka0
increases with Ca0 according to:
ka0 ¼ 1na0 aþ
bCa0
1þ Ca0C0
 q
2
64
3
75 ð5Þ
with a ¼ 33  103 MPa, b ¼ 36  104 MPa, C0 = 0.7 and
q = 1.45. The hardening exponent is set as na0 ¼ 120.
Results of the ﬁtting procedure are shown in Fig. 5.
The strain hardening of the ferrite is described by a
Swift-type representation:
ry;a ¼ ry0;að1þ H aepÞna ; ð6Þ
where ry0;a;H a and na are material parameters. These
parameters are a priori unknown as they depend on details
of the processing route. Hence, they are identiﬁed by ﬁtting
the model predictions with a fraction of the experimental
data for the DP steels. This set of parameters is kept iden-
tical for all the grades of steels considered here.
3.2. Homogenization scheme
The adopted micromechanical model relies on Eshelby’s
solution for a single, ellipsoidal inclusion in an inﬁnite
matrix [31]. Let C0 and C1 be the elastic stiﬀness of the iso-
lated inclusion and the inﬁnite matrix, respectively. The
strain in the isolated inclusion, e1, is uniform and related
to the far-ﬁeld strain e1 by:
e1 ¼ HðI ;C0;C1Þ : e1 ð7Þ
with
HðI ;C0;C1Þ ¼ I þ PðI ;C0Þ : C1  C0½ f g1 ð8Þ
where I is the fourth-order symmetric identity tensor, P is
the so-called Hill’s polarization tensor and I represents the
aspect ratio of the ellipsoidal inclusion. Analytical
expressions for P can be found, for instance, in Ref. [32].
In a mean-ﬁeld model for non-dilute composite, the eﬀect
of interacting phases is captured through a suitable choice
for the inﬁnite matrix material and the far-ﬁeld strain to be
used in relation (7). In general, the average strain in phase 1
can be related to that in phase 0 by:
e1 ¼ B : e0 ð9Þ
where B is the strain localization tensor whose expression
depends on the chosen mean-ﬁeld scheme. For a dispersion
of inclusions in a continuous matrix, the popular
Mori–Tanaka (MT) scheme can be invoked [33]. The strain
concentration tensor is then given by:
B ¼ BMT ¼ HðI ;C0;C1Þ: ð10Þ
That is, the inclusion phase is treated as a single inclusion
isolated in an inﬁnite matrix having the properties of the
actual matrix material, and viewing the actual matrix aver-
age strain as far-ﬁeld strain. Alternatively, if the inclusion
phase forms a continuous network embedding islands of
matrix material, the inverse Mori–Tanaka (IMT) model
can be used. The corresponding strain concentration tensor
reads:
B ¼ BIMT ¼ HðI ;C1;C0Þf g1: ð11Þ
Now, the matrix material is treated as a single inclusion
embedded in an inﬁnite ﬁctitious matrix having the proper-
ties of the actual inclusion phase. In linear elasticity, it can
be shown that direct and inverse MT schemes provide
respectively lower and upper bounds on the overall stiﬀness
of the composite (for inclusions that are stiﬀer than the
matrix). In Eqs. (10) and (11), the shape and orientation
of the isolated inclusion must reﬂect the symmetry class
of the microstructure.
A common assumption when extending mean-ﬁeld
schemes from linear elasticity to elastoplasticity is that
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the localization Eq. (9) is still valid provided that incre-
ments of strains are used. For the DP steels, we have:
Dea0 ¼ B : Dea ð12Þ
which must be solved together with the condition:
ð1 V a0 ÞDea þ V a0Dea0 ¼ De ð13Þ
where De is the prescribed macroscopic strain increment.
Following Doghri and Ouaar [34], the reference elastic stiﬀ-
nesses in Eqs. (10) and (11) are replaced by some isotropic
projections of the algorithmic tangent moduli. The latter,
as well as the average stress increments for each phase,
are obtained from the fully implicit integration of the J2
theory using the average strain increment of the phase as
an input:
Draða0Þ ¼ F aða0Þ Deaða0Þ; ðstate variablesÞ
  ð14Þ
where F aða0Þ represents the constitutive model of the a (or
the a0), as presented in the previous subsection. Finally,
as the a0 inclusions are equally distributed in the three
directions of space (Fig. 2), conferring on the composite
a globally isotropic behaviour, the equivalent inclusion is
spherical in the mean-ﬁeld model. More details about the
methodology and numerical implementation of the incre-
mental MT model of elastoplasticity can be found in Ref.
[34]. Stress increments are found by averaging over the
phases:
Dr ¼ ð1 V a0 ÞDra þ V a0Dra0 : ð15Þ
The roles of matrix and inclusion phases in DP steels are
not necessarily obvious, given the complexity of the micro-
structure (Fig. 2). Martensite islands often come into con-
tact with one another, sometimes even surrounding the
ferrite grains. Therefore, it is reasonable to assume that
the actual behaviour of our DP steels will be intermediate
between those predicted by the direct and inverse schemes.
Therefore, we considered a modiﬁed scheme combining
direct and inverse models through an isostrain assumption,
as schematically depicted in Fig. (6). The macro-stress is
simply computed as the weighted average over the two
subsystems:
Dr ¼ wDrMT þ ð1 wÞDrIMT ð16Þ
where w 2 ½0; 1 deﬁnes the proportions of direct and
inverse contributions to the overall response, and is a ﬁt-
ting parameter. Such a combination of direct MT and
IMT models was proposed by Delannay et al. [35] to pre-
dict the overall and phase response of DP metals with co-
continuous microstructure, and was shown to give very
good predictions.
3.3. Parameter identiﬁcation
The micromechanical model was used to simulate, after
proper parameter identiﬁcation, the uniaxial tensile tests
for DP steels with long elongated microstructures. Three
diﬀerent schemes were assessed: the direct scheme
(w ¼ 1), the inverse scheme (w ¼ 0) and a combination of
both (w ¼ 0:5, following [35]). In each case, the only ﬁtting
parameters are the initial yield stress ry0;a, hardening mod-
ulus H a and exponent na of the ferrite. These parameters
have been determined to obtain the best ﬁt (in a least-
squares sense) of the experimental data for the three curves
corresponding to V a0 ¼ 15% (Fig. 3(a)). Note that all
schemes give identical predictions up to the onset of ﬂow
in the ferrite, as the elastic properties of the a and the a0
are identical. Subsequent stress and strain partitioning
between the phases after yield then drastically diﬀer with
the chosen homogenization scheme. Predictions obtained
with a direct or an inverse scheme were not satisfactory,
as described in the Appendix A.
Results obtained with a combination of direct MT and
IMT are presented in Fig. 7 for DP steels with (a)
V a0 ¼ 15%, (b) V a0 ¼ 30% and (c) V a0 ¼ 60%. Numerical
predictions are shown up to the onset of necking, as pre-
dicted from the Conside`re criterion: nincr ¼ e. The opti-
mized ferrite parameters are the following:
ry0;a ¼ 300 MPa, H a ¼ 50 and na ¼ 0:33. The same set of
parameters is used for all the a0 volume fractions. The
model predictions are very satisfying given that only three
ﬁtting parameters (in addition to w, but which was ﬁxed
from previous investigations [35]) were needed. The model
properly captures the eﬀect of the a0 volume fraction, as
well as that of the carbon content on the composite
response.
3.4. Prediction of tensile strength and uniform elongation
Fig. 8 shows the predicted evolutions of the tensile
strength ru with a0 volume fraction, for three carbon
contents. Available experimental values and standard
deviations are also represented (these data are also
given as Supplementary Information). As specimens with
Fig. 6. The mean-ﬁeld model consists of two subsystems. In the ﬁrst
subsystem, the ferrite is viewed as a continuous matrix reinforced by
martensite inclusions, and a direct Mori–Tanaka (MT) scheme is adopted.
In the second subsystem, the martensite is viewed as a percolating network
surrounding ferrite inclusions, and the inverse Mori–Tanaka (IMT) model
is adopted. Each subsystem is subjected to the same macroscopic strain,
and the macroscopic stress is computed as the weighted average of the
total stress in each subsystem.
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V a0 ¼ 60% and Ca0 ¼ 0:6 wt.% broke before necking, corre-
sponding tensile strength values could not be obtained for
this grade. Predictions are quite satisfying for the two
lowest volume fractions of a0, but the model overestimates
the tensile strength for V a0 ¼ 60%. The model predicts an
increase in tensile strength with carbon content at a ﬁxed
volume fraction of a0, in qualitative agreement with the
experimental ﬁndings.
Table 3 shows the corresponding predicted evolution of
the uniform strain eu together with experimental values.
The model predicts a non-monotonous evolution of the
uniform elongation with an increasing volume fraction of
reinforcing phase, with a minimum of ductility reached
between V a0 ¼ 30% and V a0 ¼ 50%. On the other hand,
the model predicts a decrease in ductility with increasing
C content for a ﬁxed a0 volume fraction. Unfortunately,
neither of these trends are supported by experimental data.
Predicting uniform elongation remains a great challenge
for the development of microstructure-informed constitu-
tive models. It is intimately connected to an accurate pre-
diction of the strain-hardening response used for each
phase convoluted with the additional assumptions associ-
ated with the homogenization model. In the present case,
the selected models for the a and a0 phases (Eqs. (3) and
(6)) are certainly good enough to predict the general trends
(cf. Fig. 7), but are probably not rich enough to capture
minute details of the ﬂow process at large strains. On the
other hand, the non-monotonous predictions of the model
regarding uniform elongation can be traced back to the
adopted averaging procedure based on direct and inverse
schemes. Indeed, it can be shown that, considering a direct
MT scheme only and using the ferrite properties in
Section 3.3, the model predicts an increasing ductility with
a0 volume fraction in the range V a0 ¼ ½0% 60%, where
plastic ﬂow of a0 is insigniﬁcant. In contrast, by using the
IMT scheme only and still using the ferrite properties in
Section 3.3, large plastic deformations of the martensite
are predicted, leading to a decreasing ductility with volume
fraction associated with a saturation of hardening in the a0.
Fig. 7. Numerical and experimental ﬂow curves for the DP steels with long
elongatedmicrostructures. Flow parameters of the ferrite in the model were
ﬁtted on the experimental results for V a0 ¼ 15% only. The same parameters
were used to predict the steel responses for V a0 ¼ 30% and V a0 ¼ 60%.
Fig. 8. Evolution of the tensile strength ru with the martensite volume
fraction for microstructures with long elongated microstructure and
varying martensite carbon content.
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The overall response is a combination of these two oppo-
site trends within the mean-ﬁeld model.
4. Discussion
4.1. Inﬂuence of the martensite volume fraction
The increase of the ﬂow and tensile strengths with
increasing a0 volume fraction at ﬁxed carbon content in
the a0 is well known and widely documented (e.g. [36–
38,18], to cite only a few). It is a consequence of the com-
posite eﬀect resulting from the introduction of a large
amount of hard particles in a soft phase. Note, however,
that the initial yield stress is in principle not altered by
the volume fraction of martensite, due to the identical
elastic properties of the two phases. The composite eﬀect
is qualitatively reproduced by the mean-ﬁeld model, as
expected from such an approach. On the other hand,
the impact of the volume fraction of a0 on the tensile
strength is not necessarily straightforward, as the tensile
strength depends also on the uniform strain that can
be reached.
In addition to the composite eﬀect, the increase in the a0
volume fraction can indirectly inﬂuence the response of the
a phase in two ways. First, the amount of geometrically
necessary dislocations resulting from the martensitic trans-
formation increases. These dislocations are mainly located
at the a a0 interface [39,12] and harden the ferrite, as
recently conﬁrmed by nanohardness measurements
[12,40,13]. Second, the increase of the number and of the
size of the a0 particles with increasing a0 volume fraction
induces a decrease in the ferrite mean grain size, d. The
ferrite–martensite interfaces constitute impenetrable
barriers to dislocations, inducing a strengthening of the a
of the Hall–Petch type with increasing ﬂow stress at
decreasing d [41,37,19]. By increasing the strength of the
a, these two eﬀects in turn increase the hardening of the
composite.
The adopted constitutive model for the ferrite does not
explicitly account for the strengthening associated with
increasing volume fraction of martensite. In principle, these
two eﬀects could be introduced at the expense of more elab-
orate strain-hardening law and additional ﬁtting parame-
ters. For instance, an enriched constitutive model for the
ferrite was proposed by Delince´ et al. [19] and explicitly
accounts for the ferrite grain size (see also Massart and
Pardoen [42]). Introducing more complex constitutive
models could probably improve the accuracy of the pre-
dicted ﬂow curves. Nevertheless, the already satisfactory
predictions indicate that these additional eﬀects of a0 vol-
ume fraction are probably of second order, as compared
to the composite eﬀect.
The evolution of uniform elongation with increasing
volume fraction of a0 for a given carbon content in the
a0 can be seen from the rows of Table 3. Leaving aside
the values of uniform elongations corresponding to
specimens in which damage-induced softening or fracture
takes place, our data indicate that the uniform elongation
increases with the volume fraction of martensite. This
observation seems to contradict the usually reported trend
that ductility decreases with increasing volume fraction of
martensite (e.g. [18]). However, many previous studies
considered only one grade of steel, so that the carbon
content and volume fraction of the a0 were intrinsically
linked (cf. Eq. (1)). In contrast, the present approach
allows us to assess the impact of the amount of second
phase separately from its carbon content. Referring to
Tables 1,2, the evolution of uniform elongation with
increasing volume fraction of a0 and for a given grade
of steel (i.e. for a ﬁxed total carbon content) are found
in the diagonals of Table 3. For instance, the main diag-
onal in Table 3 comprises the results for the DP steels
generated from grade 3. Our results indeed indicate a
decrease in ductility with volume fraction for a ﬁxed total
carbon content.
4.2. Inﬂuence of carbon content
Compared to the composite eﬀect, the inﬂuence of
carbon content has been investigated less systematically
in the literature. The present study shows that an increase
in the carbon content plays a signiﬁcant role on the com-
posite behaviour, leading to an increase of the tensile
strength of the DP steel. Table 3 also indicates that the
uniform elongation increases with carbon content in
the martensite for a ﬁxed volume fraction (again, leaving
aside samples showing premature necking due to damage-
induced softening).
The eﬀect of an increasing Ca0 is twofold. First, the
intrinsic properties of the reinforcing phase change. An
increase in the carbon content brings about higher yield
strength and extra hardening of the martensite [2,1,43].
This was proved in a previous investigation using nanoin-
dentation measurements in the a0 [29], and is also taken
into account in the micromechanical model through the
ﬂow behaviour of the martensite (see Fig. 5).
Second, the dislocation density at the a–a0 inter-
face produced by the transformation of austenite into
Table 3
Mean experimental values and numerical predictions of the uniform
elongation as a function of the martensite volume fraction and carbon
content. Model predictions are indicated in parentheses. An asterisk
means that the experimental data are lower than expected as a result of
possible early damage-induced softening.
15% a0 30% a0 60% a0
0.15 wt.% C 0.118 0.119 0.127
(model) (0.162) (0.160) (0.180)
0.3 wt.% C 0.124 0.153 0:08
(model) (0.149) (0.141) (0.165)
0.6 wt.% C 0.171 0:148 –
(model) (0.138) (0.122) (0.132)
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martensite increases with increasing carbon content.
Indeed, larger carbon content in the c brings about larger
volume changes during the transformation. The experi-
mental results indicate that this eﬀect has little impact
on the composite yield stress. Indeed, the initial yielding
of the composite is governed by the yielding of the a
phase. In the latter, plastic deformation occurs ﬁrst at
the centre of the grain where the phase is softer and the
dislocations located at the interface do not aﬀect the
onset of yielding. However, the presence of the disloca-
tions in regions near the a–a0 interfaces leads to an
increase of the work-hardening rate. This latter eﬀect of
carbon content was not incorporated into the microme-
chanical model. However, the reasonable agreement
between model and experimental results suggests that
the eﬀect of carbon on the ferrite response is less impor-
tant than that of carbon on the martensite response.
4.3. Inﬂuence of the morphology of the a;
The specimen with large equiaxed a0 particles presents
a larger yield and tensile strength compared to micro-
structures with elongated a0 islands where particles are
more ﬁnely dispersed in the a phase (Fig. 3(d)). A similar
result has been reported by Kim and Thomas [3] and He
et al. [44], who showed that a coarse microstructure
induces a larger tensile strength when compared to ﬁnely
dispersed a0 islands. The morphology and distribution of
the a0 inﬂuence the load transfer between the two phases
[45,18]. The presence of a0 islands at the grain boundaries,
as encountered in equiaxed microstructures (Fig. 2(e)),
restricts the plastic ﬂow in the a phase and increases the
yield stress. In addition, the percolating network of a0
increases the portion of load carried by the martensite
phase, as compared to specimens with ﬁnely dispersed a0
particles. The higher strength and lower ductility observed
in specimens with equiaxed microstructure could therefore
be explained by an earlier onset of damage by void nucle-
ation or fracture of the a0 inclusions, due to higher stress
levels in the martensite.
In its present state, the adopted mean-ﬁeld model can-
not capture the eﬀect of morphology on the macroscopic
response, as it makes no formal distinction between equi-
axed, short and long elongated microstructures. Indeed,
the only microstructure parameters of the model are the
volume fraction of second phase and the global symmetry
of the system (through the shape of the equivalent inclu-
sion). The only way such a model could diﬀerentiate the
response for diﬀerent morphologies is through the response
of the phases, and/or the choice of scheme. For instance,
one could consider a reﬁned ferrite hardening model which
accounts on additional physical parameters such as the
mean-free path or the grain size, which vary within the con-
sidered morphologies. The relative weights of the direct
MT and IMT schemes could also be adapted to account
for varying degrees of percolation. We leave this possible
path of investigation for future work.
4.4. Fracture: preliminary considerations
The homogenization model provides predictions of the
average phase response within the DP steel. These predic-
tions can also be exploited to gain further insight into the
fracture behaviour of the steel. The assumption of prema-
ture necking due to softening-induced damage in some of
the samples can also be assessed. In a simple approach,
fracture is assumed to take place once the maximum prin-
cipal stress in the a0 reaches a critical value, rc;a0 . This cri-
terion represents the onset of void nucleation in between
adjacent martensite grains or by decohesion at a–a0 inter-
faces, which are the dominant damage mechanisms in DP
steels [46]. It also assumes that the damage process would
be dominated by void nucleation more than by void
growth, with void coalescence occurring quickly after
Fig. 9. (a) Locus of fracture, as predicted by a maximum principal stress
criterion in the martensite, for varying values of the martensite critical
stress rc;a0 . (b) Evolution of the tensile strength ru (black solid lines) and
the fracture strength rf (dashed lines) with the volume fraction of
martensite V a0 . Grey lines indicate the maximum reachable stress.
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nucleation. This view is increasingly valid when the volume
fraction of a0 is large.
Fig. 9(a) shows the numerical stress–strain curves for
Ca0 ¼ 0:6 wt.% up to the onset of necking. Dashed lines
represent the locus of the onset of damage, for varying val-
ues of the critical stress rc;a0 taken within a realistic range
[47]. (Intersections between dashed and solid lines are
actual numerical predictions, while the dashed line is a
visual guide.) Corresponding experimental results indicate
that the grade with V a0 ¼ 60% breaks before necking. In
Fig. 3(c), the fracture strain is e ¼ 5:3% (the average frac-
ture strain over ﬁve tests is e ¼ 3:2%). This trend is reason-
ably captured by the model, assuming the value
rc;a0  1300 MPa. A value of 1300 MPa is not far from
the critical stress for nucleation of 1200 MPA estimated
by Landron et al. [47]. On the other hand, this simple
model predicts that necking occurs ﬁrst for the grades with
V a0 ¼ 15% and V a0 ¼ 30%. However, the stress level in the
martensite for the grades with V a0 ¼ 30% at the point of
uniform elongation is of the order of the critical value for
the onset of damage, thus supporting our assumption of
damage-induced softening for those grades.
This simple approach to fracture is now extended to a
broader range of Ca0 and volume fractions. Fig. 9(b) super-
imposes the evolutions with V a0 of tensile strengths ru
(black solid lines, previously presented in Fig. 8) and frac-
ture stresses rf (dashed lines). The fracture stress rf is here
deﬁned as the macroscopic stress dictated by the attain-
ment of rc;a0 in the a0. The critical stress is set as
rc;a0 ¼ 1300 MPa. The ﬁgure indicates that, for a given C
content in the a0, damage is due to necking below some
value of V a0 . Above this value, local damage occurs prior
to necking (see the grey solid lines in the ﬁgure). The tran-
sition value of V a0 between necking-dominated and frac-
ture-dominated behaviours decreases with increasing Ca0 .
These preliminary results illustrate the potential of
micromechanical models as a guide towards microstructure
optimization. With this ﬁnal goal in mind, model
Fig. 10. Evolution of the tensile strength ru (black solid line) and fracture
strengths rf (dashed lines) with the volume fraction of martensite V a0 , for
varying martensite critical stress rc;a0 .
Fig. 11. Model predictions obtained with (a) the direct Mori–Tanaka
scheme and (b) the inverse Mori–Tanaka scheme for V a0 ¼ 15%. In each
case the ferrite hardening parameters were ﬁtted to obtain the best
prediction in a least-squares sense.
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predictions are better represented in terms of ﬁxed total
carbon content, Ctotal which is the parameter that is varied
in practice. Fig. 10(a) and (b) present the evolution with V a0
of the tensile strength and fracture stress for two ﬁxed val-
ues of Ctotal. The carbon content within the martensite now
varies with the volume fraction according to Eq. (1).
Numerical predictions are shown up to Ca0 ¼ 0:6 wt.%.
Still assuming that rc;a0 ¼ 1300 MPa, the model predicts
that grades with Ctotal ¼ 0:1 wt.% do not break before
necking, while those with Ctotal ¼ 0:2 do.
The validity of model predictions depends upon the
accuracy of the micromechanical model in predicting the
phase response. Moreover, fracture is triggered by discrete
events whose occurrence depends on local values of the
stress ﬁeld. By construction, local values of ﬁelds are not
available from the adopted micromechanical model. There-
fore, extensive experimental validations are needed to con-
ﬁrm the predictive capabilities of the model. On the other
hand, the failure criterion introduced here is extremely sim-
ple. The impact of the change of constraint in the a when
changing the a0 volume fraction will play a role in modify-
ing the void growth rate due to changes in stress triaxiality
[48]. Also, changing V a0 modiﬁes the relative spacing
between voids, aﬀecting the onset of void coalescence
(e.g. [49]). More advanced damage models should consider
also the void growth and coalescence stages to obtain more
quantitative predictions as in Ref. [47].
5. Conclusion
This paper presents an experimental study of the ﬂow
properties of DP steels by varying systematically and inde-
pendently three microscopic parameters: the martensite
volume fraction, its carbon content and the microstructure
morphology. In addition, a non-linear micromechanical
model was implemented, which explicitly accounts for the
eﬀects of the martensite volume fraction and carbon con-
tent on the steel response. Numerical predictions from
homogenization theory are in good qualitative agreement
with experimental stress–strain curves, the only ﬁtting
parameters being the ﬂow parameters for the ferrite. The
model provides additional insight into the dominant defor-
mation mechanisms. It is also worth pointing out the extre-
mely low computational cost of the approach, as compared
to full-ﬁeld ﬁnite-element simulations on representative
microstructures, which is key for future extensive model-
ling-informed microstructure optimization.
The inﬂuence of the three microscopic parameters are
summarized as follows:
	 The increase of the martensite volume fraction results in
larger yields and tensile strengths of the DP steels. These
trends stem mostly from the composite eﬀect due to the
presence of hard particles in a soft matrix. The possible
eﬀects of the martensite volume fraction on the ferrite
hardening seem to aﬀect the overall response to a lesser
extent, as suggested by the micromechanical model.
	 The increase in carbon content increases the hardening
and tensile strength of the DP steels, but does not aﬀect
the initial yield point. This eﬀect can be explained to a
large extent by the eﬀect of carbon on the ﬂow response
of the martensite. Good predictions can be obtained
from the micromechanical model by introducing the
martensite constitutive response as determined from
bulk martensite samples with varying carbon contents.
	 The ductility in general increases with the volume frac-
tion of martensite at constant martensitic carbon con-
tent, and conversely increases with the martensitic
carbon content at a ﬁxed volume fraction of martensite.
Departure from the general trend is observed for combi-
nations of large volume fraction of martensite with large
martensitic carbon content, and is attributed to damage-
induced softening or fracture.
	 The morphology signiﬁcantly impacts the mechanical
behaviour at a given composition and volume fraction.
Equiaxed microstructures present higher strength and
lower ductility, as compared to specimens with ﬁnely
dispersed elongated particles. The plastic ﬂow of the fer-
rite is more constrained in equiaxed microstructures,
due to martensite particles acting as a continuous net-
work along grain boundaries.
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Appendix A. Model predictions with direct and inverse
schemes
Fig. 11(a) shows the predictions obtained with the direct
MT scheme (w ¼ 1). The ﬂow parameters of the ferrite are
the following: ry0;a ¼ 315 MPa, H a ¼ 290 and na ¼ 0:18, as
the best ﬁt for the experimental curves with V a0 ¼ 15%. The
direct scheme gives an identical response of the DP steels for
all the considered C contents. Indeed, the direct scheme pre-
dicts a purely elastic response of the martensite, while in our
model carbon aﬀects the response of DP steels only through
the plastic ﬂow of the a0. The purely elastic response of the a0
results from the weak load transfer from the soft matrix to
the hard inclusion. Increments of overall deformation are
mainly accommodated by the ferrite, preventing suﬃcient
strain and stress build-up in the martensite to cause ﬂow.
Delince´ et al. [19] made a similar observation, adopting a
secant version of the direct MT scheme. In addition, the
direct scheme overestimates the uniform elongation, the lat-
ter being close to that of the unreinforced ferrite (as pre-
dicted from the Conside`re criterion, eu ¼ na ¼ 0:18).
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The weak load transfer was previously investigated by
comparing direct scheme predictions to reference, ﬁnite-ele-
ment predictions obtained on ”ideal” microstructures (a
random dispersion of ellipsoids in a continuous matrix)
[50,51]. It was found that the incremental Mori–Tanaka
scheme strongly underestimates the stress build-up within
the inclusions. This known shortcoming of the direct
scheme in predicting the response of elastoplastic compos-
ites constitutes an additional motivation for considering a
combination of direct and inverse schemes.
The best predictions obtained with an IMT scheme
(w ¼ 0) are shown in Fig. 11(b). The ﬁtting parameters
are now: ry0;a ¼ 270 MPa, H a ¼ 27 and na ¼ 0:34. In this
case plastic ﬂow of the a0 is predicted shortly after that of
the ferrite, producing markedly diﬀerent responses depend-
ing on the carbon content. This follows from the treatment
of the martensite phase as a continuous matrix subjected to
the overall strain. While the model gives good predictions
of the overall response for the two lower carbon contents,
it markedly overestimates the stress in the 0.6 wt.% C case.
In addition, the inverse model strongly underestimates the
ductility as a result of the early hardening saturation in the
martensite (Fig. 5).
Appendix B. Supplementary data
Supplementary data associated with this article can be
found, in the online version, at http://dx.doi.org/10.1016/
j.actamat.2014.04.015.
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